The first issue was highlighted in 1974. However, it was only in 1985, when the British Antarctic Survey discovered a hole in the ozone layer, that Worldwide action against CFCs was mobilised, leading to the Montreal Protocol in 1987 [5, 6] . The need for CFCs in electronics manufacture (for flux residue removal) was successfully precluded by the development of a wide variety of alternatives [6, 7] , and increased use of no-clean fluxes [8] . (Recovery of the ozone layer will take well into the next century, especially as the Montreal Protocol allows developing countries a 'grace' period, and there is a persistent black market [9] . Even when CFCs are no longer available there will be delay as they take several years to rise to the stratosphere.)
The role of lead in the environment has been acknowledged for many years. There has been considerable, and well publicised, progress in reducing atmospheric emission levels, for example through increased use of lead-free petrol. Lead-free soldering reduces the likelihood of water contamination due to leaching from 2 landfill sites. Following investigation into the properties of lead-free solder alloys [10, 11] their use is becoming more likely [12] .
Environmental awareness is now reflected by concern over the role of volatile organic compound emissions in the production of ground level ozone.
(1.2) Volatile Organic Compounds [13]
A "volatile organic compound" (VOC) is any carbon containing compound found in the atmosphere excluding carbon monoxide and carbon dioxide. This is a deliberately broad definition that reflects the standard method for measuring VOC content based on total volatiles minus volatiles due to water [14] .
The environmental chemistry of VOCs is complex. They impact upon many atmospheric and health issues, some of which are interrelated: many VOCs are toxic; they may act as greenhouse gases, enhancing global warming; the deleterious effect of a small group, CFCs, has already been indicated. However, it is the role of VOCs in the production of ozone in the lower atmosphere (troposphere) that is of particular concern. Ozone is an aggressive and reactive pollutant that has a number of damaging environmental effects. The most manifest is photochemical smog, but, more generally, there are serious implications for health (both animal and vegetable).
Enhanced ozone production is due to disruption of the "photostationary state" through the Haagen-Smit reaction which is shown in detail in Table 1 . Ozone production in the absence of VOCs: NO2 + hυ (< 420 nm) → NO + O( This complex mechanism can summarised as:
VOCs + NOx + sunlight → → O3 + 'other products' 3 The impact that individual VOCs exert is reflected by the Photochemical Ozone Creation Potential (POCP). The data in Table 2 indicate wide variation. Interestingly, CFCs (and the closely related HFCs and HCFCs) have no impact upon the photostationary state: it is their ability to resist reactions such as these that allows them to rise to the stratosphere where they do such damage. Within the industrialised nations a large proportion of atmospheric VOC is produced by human activity. For example, in Europe around 25 million tonnes each year result from transport, oil and gas production, refining, chemicals manufacture, agriculture etc. (Although less important, natural sources are still significant, amounting to 5 million tonnes per year, mainly due to isoprene emissions from deciduous trees.) The electronics industry is not a major contributor when compared with the high volume processes already indicated. However, the environmental awareness that successfully targeted CFCs and lead, and legislation, is exerting pressure to rethink electronics manufacturing processes.
(1.3) Legislation
In Europe there is a commitment under a United Nations Economic Commission for Europe (UNECE) protocol to reduce VOC emissions by 30% by 1999, from a 1988 baseline [16] . Bay Area Air Quality Management District in California. These include a "VOC exempt" ruling which allows coating fluids with <1% VOC content to avoid regulation.
(2) REFORMULATION STRATEGIES: WHY WAVE SOLDERING? WHY WATER?
The formation of a soldered joint demands pretreatment of the component parts to remove oxide/tarnish and expose the underlying metal. This is achieved with a fluxing material [21] . For example, in reflow soldering a cream of flux medium and (solid) solder alloy is applied prior to the application of heat; cored solder wire, which contains a solid flux held within a core structure, is melted onto the joint with the aid of a soldering iron. Both flux medium and solid flux are resinous materials with low VOC content. However, in wave soldering, when a printed circuit board (PCB) is contacted with molten solder, the component parts are prepared by the application of liquid flux comprising "activating" chemicals in a carrier solvent, usually low molecular weight alcohol. This confers a high VOC content, maybe in excess of 95%, which is fully volatilised prior to contact with the solder wave. There is, therefore, a well defined target for any reformulation strategy that seeks to reduce the emission of VOCs during electronics manufacture: how can we eliminate the alcohol solvent commonly used to deliver fluxing activity during wave soldering?
There are "fluxless" soldering processes that exploit pretreatments such as laser ablation [22] and plasma etching [23] . The latter is well suited to wave soldering, with equipment commercially available. However, although it has been successfully applied, it does not constitute a "drop-in" replacement. The delivery of flux actives in supercritical carbon dioxide is another option [24, 25] equally well suited to wave soldering. However, this too brings major process implications.
Against this background, it is not surprising that, so far, most activity has centred on the development of liquid fluxes based on an alternative to alcohol which is not only VOC-free, but which is also cheap, non-toxic and non-flammable: water.
(3) THE TECHNOLOGY CHALLENGE: HOW?
There are potential difficulties associated with replacing the alcohol solvent in a liquid flux with water. These are considered below along with the methodology/thinking that was used to address them during the development of Multicore's "Ecosol" range of VOC-free liquid fluxes. Experimental studies compared formulations based on isopropanol (the alcohol most commonly used for this purpose) with water based formulations. The latter were prepared with deionised water. (Tap water is not an option as the permitted levels of mineral and organic impurity are far too high [26] . For example, Hemel Hempstead tap water may contain up to 0.04% chloride!)
(3.1) Wettability
The ability of water to wet a substrate is diminished by its high surface tension (73 mN m for isopropanol [27] ). The contact angle illustrated in Figure 1 is typically close to 0° for alcohol, while for pure water it may 5 approach 90° depending on the substrate. This difference is significant. A liquid flux based on water must incorporate an additive which assists wetting of the PCB; without this the flux will not spread evenly, leaving large unfluxed areas, which will not solder, and small concentrations of flux, which will form unsightly, and potentially hazardous, patches of flux residue. There are two additive types which address this situation: wetting agents and organic co-solvents.
The ability of various wetting agents and organic co-solvents to enhance the water wettability of PCB or copper substrate was assessed using a wetting balance. The force exerted on a rectangular substrate (unknown contact angle) by test solution was compared with that on a rectangle of filter paper presoaked in test solution (zero contact angle). The results in Table 3 confirm poor wetting with water (high contact angle), and excellent wetting with isopropanol. They also indicate benefit with both additive types, particularly the wetting agents, with just 0.25% conferring wetting behaviour similar to that exhibited by isopropanol. Wettability enhancement with organic co-solvent was less marked (even at 10%) and was accompanied by compromise in terms of VOC content. Wetting agent addition is clearly the best method of achieving acceptable wetting behaviour. The relative performance of the two additive types reflects different mechanisms. Wetting agents are surfactants. These adsorb at the gas-liquid interface to reduce surface tension, and at the solid-liquid interface to reduce interfacial tension. Even at low concentration, the interfaces become saturated giving optimum performance. Organic co-solvents exert a "bulk" monotonic effect [28] . All wetting agents were based on nonionic surfactants. Anionic and cationic surfactants were avoided due to the risk they pose regarding SIR performance (both carry a highly mobile counterion such as Na + or Br -). Additional benefit regarding foam application is discussed below. A low value for γ γl/v increases cosθ θ giving a low contact angle (good wetting)
(3.2) Activator Solubility
To produce a fully formulated product, the various components must be dissolved to form a stable solution. This raises the question of solubility. Fortunately, the flux activators most commonly used in low solids no-clean formulations, dicarboxylic acids, exhibit sufficient water solubility at room temperature, with an acid value of up to 60 mg KOH g -1 accessible. This is well above the level of activity usually required of alcoholic products. Amine hydrohalides, which have traditionally been used in RMA and RA type products to confer halide activation, are also water soluble. However, they are not an attractive option for no-clean formulations unless accompanied by a rosinous/resinous substance capable of forming a protective coating over, what would otherwise be, an aggressive and potentially corrosive flux residue. Unfortunately, rosin, which is the most ubiquitous fluxing material, is not water soluble.
As the freezing point of water is higher than that of alcohol (0°C against -90°C for isopropanol [27] ), solution properties are more sensitive to storage at cold temperature, with precipitation a possibility. This was observed in laboratory studies with water based flux formulations, although the process was fully
reversible (eg by storage at room temperature). However, regarding the wave soldering process, there will undoubtedly be a reduction in flux performance corresponding to separated actives.
(3.3) Fluxing Activity
Because water is a more polar solvent than alcohol, it favours acid dissociation. The possibility that this might enable water based flux to act immediately it contacts the substrate (eg copper lands on the PCB), and enhance efficacy as a result, was investigated in a laboratory study which compared the solderability conferred by a wide range of dicarboxylic acid activators in both water and isopropanol. Experiments used copper wire as substrate. Test pieces were dipped in a reservoir of flux to a depth of around 1 cm. Excess flux was removed by contact with clean tissue paper. Solderability was then measured using the MUST II wetting balance charged with 60/40 tin/lead alloy at 250°C. The results in Table 4 indicate that water based product is consistently better. The wetting force is the force exerted by the solder alloy on the test substrate at the end of the test (after 5s).
A high value indicates good soldering with a low contact angle.
Time to 2 /3 Fmax is a measure of the speed of solder wetting. A low value indicates good performance.
The role of water in enhancing flux activity, and the deleterious impact in terms of wetting, was illustrated by measuring the solderability conferred by dicarboxylic acid based formulations in mixtures of isopropanol and water, each with a total acid value of 20 mg KOH g -1 , a typical value for a liquid flux. The results in Figure 2 indicate improved performance as the level of water increases, reflecting enhanced acid dissociation, but only up to 40%. Above this level, solderability diminishes, with the 100% water formulation performing very poorly. This feature reflects poor wettability (of the flux onto the substrate). Inclusion of wetting agent restores wetting performance, with solderability rising to a maximum. 
(3.4) Microbial Growth
A potential disadvantage associated with water based flux is the possibility of microbial growth on storage: this is clearly not a problem with alcohol based liquid flux, as alcohol is routinely used as an antiseptic swab. This was investigated through a series of "challenge" tests in which agar treated with diluted flux formulations was contacted with various test organisms. None was viable (Table 5 ). Unfortunately, it is not possible to extend this test to flux which becomes contaminated during service. However, flux integrity can be safeguarded by the inclusion of a small amount of biocide. A laboratory study investigated the effect of this addition upon solderability. The results in Table 6 indicate that the presence of biocide has no significant effect. 
(3.5) Wave Soldering
Flux formulation along the lines indicated offers the potential of a drop-in replacement for conventional alcohol based no-clean fluxes. However, laboratory experience suggested minor modification to two aspects of the wave soldering process.
(3.
5.1) Foam Application
The first relates to application by foam. Only transitory foams can be formed with pure liquids. As they represent an extended surface area, they are always thermodynamically unstable. Metastability is conferred by the presence of an additional surface active component, or surfactant, that adsorbs at the gas-liquid interface. This reduces the tendency for opposite faces of foam lamellae to coalesce through a combination of steric hindrance and electrostatic repulsion. The propensity for adsorption at the gas-liquid interface is significant. It is driven by the reduced surface tension (or surface energy) that results. As indicated above, pure water exhibits a high surface tension (73 mN m -1 ), offering great potential for reduction. Non-aqueous solvents start with a much lower surface tension (22 mN m -1 for isopropanol) providing less driving force; as a result, only highly specialised surfactants generate foam stability. And even then, the electrostatic repulsion element of foam stability is much less than that which operates in an aqueous foam as low solvent polarity militates against charge at the gas-liquid interface. The low stability of nonaqueous foams that results has not been a problem where foam fluxing using a constant sparge method is concerned: the rate of foam collapse is matched by the rate of sparge. This mechanism is complemented by another factor that affects foam stability. Bulk viscosity controls the rate of drainage along the laminar portion of foam lamellae, explaining why "traditional" high solids liquid fluxes (eg those with up to 30% rosin) exhibit especially controllable foam characteristics.
In contrast with non-aqueous foams, aqueous foams exhibit high stability. In water based liquid fluxes the wetting agent will inevitably confer foam stability too. This must be restricted so that during foam application, the rate of foam collapse matches the rate of sparge. Without such control, foam application is highly problematical. This renders wetting agent selection critical. Anionic and cationic surfactants, in addition to posing an SIR risk (see above), give rise to highly stable foam as they enhance the level of electrostatic repulsion between opposite faces of foam lamellae. Foam stabilised by nonionic surfactants is less stable, and with a well balanced package foam application is possible. However, foam stability still exceeds that exhibited by non-aqueous (eg isopropanol based) fluxes. Therefore, the rate of sparge must be reduced to match.
(3.5.2) Preheat
The second consideration is preheat. The purpose of the preheat is to prepare the PCB for contact with the wave, minimising thermal shock. The high temperature also accelerates activator action according to the Ahrrenius equation. Finally, another important function is to remove solvent. Failure to do this properly can result in adverse interaction on the wave. For example, explosive evaporation can lead to "random" solder balling (as opposed to "non-random", or "mid-pad", solder balling which is caused by insufficient activator persistence). Water based fluxes are more prone to this shortcoming as they have a higher volatilisation energy (531 cal g -1 [29] compared with 167 cal g -1 for isopropanol [27] ). Therefore, they demand a slightly more stringent preheat. Implications for process control were investigated in a wave soldering study conducted on a Soltec 6511 in which the energy supplied during the preheat was controlled through the preheat temperature (increased to increase energy input) and conveyor speed (decreased to increase energy input by increasing exposure time). The results in Figure 3 indicate that good process control, with minimal random solder balling, is readily achievable. (There is an alternative approach. The use of preheated flux can remove the need for enhanced preheat capability in the wave soldering machine [30] .)
There is potentially an environmental (and cost) downside to using water based fluxes. Generating the extra energy required to volatilise 10 000 litres would demand 500 m 3 of natural gas, liberating 1 tonne of carbon dioxide, a major greenhouse gas, in the process. Although the environmental benefit associated with water based fluxes is of great significance, there are other, more tangible, advantages. They are non-flammable and less hazardous than alcoholic formulations; they are not readily lost through evaporation; the possibility of diminished activity through absorption of atmospheric moisture does not arise; acid value stability reduces the need for frequent flux composition monitoring and thinner addition. These points complement the environmental benefit.
However, there are potential disadvantages too. Resistance to evaporation is certainly an advantage where flux composition is concerned. However, a disadvantage resulting from the high latent heat of evaporation of water is that application in an enclosed (eg inerted) environment may lead to the accumulation of condensed water. Although water based flux (and water condensing within wave 11 soldering equipment) will not attack plastic components/substrate, it may be slightly corrosive towards some metal PCB handling equipment.
(4) PRODUCT DEVELOPMENT: IMPLICATIONS?
Test formulations have exhibited excellent performance when compared with equivalent alcoholic products. Subsequent investigation has confirmed compliance with the various protocols required by the electronics industry such as Bellcore and IPC. Beta-site tests, and, increasingly, success in full scale commercial production, have helped this product type to become a vital element within Multicore's liquid flux portfolio.
However, more importantly, water based liquid fluxes represent another electronics industry success in terms of the environment: the VOC content has been reduced from >90% to below 1%. And there are many other attractions over and above this "headline" benefit, especially the improved handling properties and enhanced activity.
Taken together these may well lead to widespread acceptance, ultimately making water the "solvent of choice".
(5) CONCLUSIONS
• VOC emissions lead to the production of ground level ozone.
• They are becoming increasingly subject to legislative control.
• The most significant source from within the electronics industry is the alcohol solvent in liquid fluxes used for wave soldering.
• The best option is to use water based no-clean liquid fluxes instead.
• In addition to the environmental benefit, these offer handling and activity advantage.
• Potential disadvantages such as the poor wetting usually associated with aqueous systems, the possibility of microbial growth, process implications arising from foam stability and high latent heat of evaporation, have been addressed.
• As a result the use of water based product is becoming increasingly widespread.
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